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ABSTRACT 

Several  physical propert ies  of the epilith of Mercury can  be investigated 

by a comparison of infrared and microwave brightness temperatures  with the 

predictions of theoretical  thermal  models of the planet. 

sented here  have been obtained by numerical  solution of the one-dimensional 

he at - c onduc t ion e quat ion with t em pe r atur e - de pe nd e nt the rmal c ondu c tivi ty , 
using surface boundary conditions that include the modification of the insola- 

tion cycles by the spin-orbit  coupling and large orbital  eccentricity of the 

planet. F o r  comparison with microwave observations, disk-averaged bright- 

ness  temperatures  are presented as a function of phase angle and heliocentric 

longitude of Mercury for  wavelengths of 0. 12, 0. 34, 0. 80, 1. 90, 3. 75, and 

11. 30 cm. These predictions a r e  compared with calculations f r o m  s impler  

lunar-type models and a r e  used to  analyze the existing infrared and micro-  

wave observations of the planet. A means  of determining observationally 

both the m e a n  thermal  parameter  (Kpc) - 1 / 2  cal- l  em2 sec1 l2  deg and the 

significance of an  effective conductivity due to  radiative thermal-energy t r ans -  

port  is presented. 

The resul ts  pre- 

The observations of a microwave phase effect a r e  all found to  be com- 

patible with a rat io  of e lectr ical  to  thermal  skin depths approximately equal 

to the wavelength. The thermal  pa rame te r  is, f r o m  infrared observations, 

l a rge r  than 200 calm' cm 
-1 -1 than cal  cm s e c  deg. The lo s s  tangent of the material is g rea t e r  

- 3  than 2 X 1 0  . Although some contradictions are  present,  the observations 

strongly suggest an  increase of m e a n  brightness tempera ture  with wave- 

length, indicating a significant radiative contribution to  the subsurface 

thermal  conductivity. 

esis that the epilith of Mercury  is physically ve ry  similar to  that of the 

Moon. 

2 1 / 2  s e c  deg, indicating a thermal  conductivity l e s s  

All these conclusions a r e  consistent with the hypoth- 

ix 



P l u s i e u r s  p r o p r i g t g s  p h y s i q u e s d e  l ' g p i l i t h e  d e  M e r c u r e  p e u -  

v e n t  G t r e  G t u d i e ' e s  e n  c o m p a r a n t  l e s  t e m p g r a t u r e s  d e  b r i l l i a n c e  

d a n s  l ' i n f r a r o u g e  e t  l e s  o n d e s  u l t r a c o u r t e s  a v e c  l e s  p r 6 d i c t i o n s  

t h g o r i q u e s  d e s  m o d ' e l e s  t h e r m i q u e s  d e  l a  p l a n ' k t e .  L e s  r g s u l t a t s  

p r g s e n t g s  i c i  o n t  g t ;  o b t e n u s  p a r  l a  s o l u t i o n  n u m g r i q u e  d e  1'6- 

q u a t i o n  u n i d i m e n s i o n n e l l e  d e  c o n d u c t i o n  d e  l a  c h a l e u r ,  l a  c o n d u c -  

t i v i t e '  t h e r m i q u e  d g p e n d a n t  d e  l a  t e m p g r a t u r e ;  d e s  c o n d i t i o n s  li- 

m i t e s  l a  s u r f a c e  c o m p r e n a n t  l a  m o d i f i c a t i o n  d e s  c y c l e s  d ' i n s o l a -  

t i o n  p a r  l e  c o u p l a g e  s p i n - o r b i t e  e t  l a  g r a n d e  e x c e n t r i c i t ;  o r b i -  

t a l e  d e  l a  p l a n \ e t e  o n t  g t e '  e m p l o y g e s .  L e s  m o y e n n e s  d e s  t e m p g r a -  

t u r e s  d e  b r i l l i a n c e  o b t e n u e s  s u r  l e  d i s q u e  s o n t  r e p r g s e n t g e s  e n  

f o n c t i o n  d e  l ' a n g l e  d e  p h a s e  e t  d e  l a  l o n g i t u d e  h g l i o c e n t r i q u e  

d e  Mercure  p o u r  l e s  l o n g u e u r s  d ' o n d e  0 , 1 2 ,  0 , 3 4 ,  0 , 8 4 ,  1,90, 3 , 7 5 ,  

e t  11,30 cm, a f i n  d e  l e s  c o m p a r e r  a v e c  l e s  o b s e r v a t i o n s  f a i t e s  

a v e c  l e s  o n d e s  u l t r a c o u r t e s .  Ces  p r g d i c t i o n s  s o n t  c o m p a r e ' e s  a v e c  

l e s  c a l c u l s  f a i t s  'a p a r t i r  d e  m o d g l e s  p l u s  s i m p l e s  d u  t y p e  l u n a i -  

r e  e t  s o n t  e m p l o y g e s  p o u r  a n a l y s e r  l e s  o b s e r v a t i o n s  d e  l a  p l a n L t e  

q u e  l ' o n  a d a n s l ' i n f r a r o u g e  e t  l e s  o n d e s  u l t r a c o u r t e s .  N o u s  p r 6 -  

s e n t o n s  u n  m o y e n  d e  d g t e r m i n e r  p a r  l ' o b s e r v a t i o n  'a l a  f o i s  l e  p a -  

r a m ' e t r e  t h e r m i q u e  m o y e n  ( K p c ) - 1 / 2 c a l  

t a n c e  d ' u n e  c o n d u c t i v i t d  e f f e c t i v e  d u e  a u  t r a n s p o r t  d e  l ' e ( n e r g i e  

t h e r m i q u e  r a d i a t i v e .  

-1 2 c m  s e c ' / 2 d e g  e t  l ' i m p o r -  

N o u s  t r o u v o n s  q u e  t o u t e s  l e s  o b s e r v a t i o n s  d ' u n  e f f e t  d e  

p h a s e  e n  o n d e s  u l t r a c o u r t e s  s o n t  c o m p a t i b l e s  a v e c  u n  r a p p o r t  d e s  

p r o f o n d e u r s  d e  p e a u  g l e c t r i q u e s  e t  t h e r m i q u e s  a p p r o x i m a t i v e m e n t  

& g a l  l a  l o n g u e u r  d ' o n d e .  A p a r t i r  d e s  o b s e r v a t i o n s  d a n s  l ' i n -  

f r a r o u g e ,  n o u s  d 6 d u i s o n s  q u e  l e  p a r a m G t r e  t h e r m i q u e  e s t  p l u s  

g r a n d  q u e  2 0 0  c a l  c m  s e c  d e g ,  ce  q u i  i n d i q u e  u n e  c o n d u c t i v i t ;  

t h e r m i q u e  i n f d r i e u r e  2 1 0  c a l  c m  d e g .  L a  t a n g e n t e  d e  p e r t e  

q u i  c a r a c t g r i s e  l a  m a t i g r e  e s t  s u p 4 r i e u r e  2 . 1 0  . ~ i e n  q u ' i l  

y a i t  c e r t a i n e s  c o n t r a d i c t i o n s ,  l e s  o b s e r v a t i o n s  p e r m e t t e n t  d e  

-1 2 1/2 

-4  -1 

-3 

X 



p e n s e r  q u ' i l  y a u n  a c c r o i s s e m e n t  d e  l a  t e m p 6 r a t u r e  d e  b r i l l i a n -  
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THERMAL MODELS AND MICROWAVE TEMPERATURES 

O F  THE PLANET MERCURY 

David Morr i son  

1. INTRODUCTION 

The discovery by Pettengill and Dyce (1965) at Arecibo Observatory that 

Mercury  is not in synchronous rotation has led to a period of renewed in te res t  

i n  the physical nature of the planet. 

perature  observed near  inferior conjunction at 3. 75-cm wavelength by 

Howard, Bar re t t ,  and Haddock (1962) can now be understood. At the same  

time, observations of a microwave phase effect have been reported at severa l  

wavelengths, and infrared measurements  of planetary surface temperature  

a r e  a l so  within present  capabilities. This repor t  attempts to  apply simple 

models to  the thermal  behavior of Mercury and to use  these together with the 

considerable body of available data to  evaluate some physical propert ies  of 

the planet. 

Morr i son  and Sagan (1967, 1968) and Morr i son  (1968a). 

The unexpectedly high microwave tem- 

Partial resu l t s  f r o m  this investigation have been presented by 

The r ada r  observations (Dyce, Pettengill,  and Shapiro, 1967) indicate 

that Mercury  rotates  in a d i rec t  sense with a s iderea l  period of 59 f 3 days. 

Optical studies (McGovern, Gross ,  and Rasool, 1965; Chapman, 1967; 

Camichel and Dollfus, 1968; Smith and Reese,  1968) suggest that the rotation 

period is exactly 2 / 3  of the orbital  period, o r  58.646 days; this conclusion 

is a l so  supported by studies of the stability of t idal  locking (Colombo, 1965; 
Liu  and O'Keefe, 1965; Colombo and Shapiro, 1966; Pea le  and Gold, 1965; 

Goldreich and Peale,  1968). 

Mercury is 176 days long, equal t o  two orbital  revolutions and to three 

W i t h  this  rotation period, the solar  day on 

This work was supported i n  pa r t  by grant  NGR 09-015-023 f r o m  the National 
Aeronautics and Space Administration. 
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rotations. 

i n  length to three  synodic periods and to  one terrestrial year ,  a coincidence 

largely responsible f o r  the erroneous 88-day rotation period deduced f rom 

visual observations in  the past  ( s ee  Cruikshank and Chapman, 1967; Camichel 

and Dollfus, 1968). 

days (1. 52 X 10 

the thermal  skin depth on Mercury  will be on the o r d e r  of 1 0  cm, so that 

observations of the phase effect at microwave wavelengths that a l so  arise at 

depths of tens  of cent imeters  constitute a powerful tool f o r  investigating 

the rma l  propert ies  of the l aye r s  of the subsurface that experience a signifi- 

cant diurnal temperature  variation. 

( l968),  we shal l  cal l  this par t  of the planetary subsurface the epilith. 

In addition, two solar  days on Mercury  are approximately equal 

With the fundamental period of insolation equal to 176 

sec) and a thermal  conductivity similar to that of the Moon, 7 

Following the suggestion of Johnson 

Spectroscopic investigations by Bergstralh,  Gray, and Smith (1 967) and 

by Belton, Hunten, and McElroy (1967) have established that any atmosphere 

that Mercury  may possess  is too tenuous to  have a significant effect on the 

temperature ,  a conclusion a l so  reached on photometric grounds by Sagan 

(1966). In the absence of a n  atmosphere,  the temperature  i n  the epilith can 

be found as a function of t ime and depth by a solution of the one-dimensional 

heat- conduction equation, once the periodic variation of insolation and the 

thermal  propert ies  of the subsurface material a r e  specified. Gary (1967) 

and Belton e t  al. (1967) have done this for  a sinusoidal var ia t ion of the 

insolation during the daylight hours. 

of Mercury, however, any point on the surface experiences an  insolation that, 
7 while periodic with period 1. 52 X 1 0  sec,  is not sinusoidal and may differ 

markedly f r o m  the insolation at points at other planetary longitudes ( see  Soter 

and Ulrichs,  1967). The eccentricity en te r s  in two ways. First, the var ia -  

t ion in  distance f rom the Sun produces a so la r  "constant" that  var ies  by m o r e  

than a factor  of 2 f rom perihelion t o  aphelion. There thus exis t  longitudes on 

Mercury  where the insolation is g r e a t e r  when the Sun is only 30" above the 

horizon than when it is overhead. 

ity causes  the apparent speed of the Sun a c r o s s  the sky to  vary;  near  peri-  

helion the angular velocity of revolution actually slightly exceeds the angular 

Because of the high orbital  eccentricity 

Second, the changing orbital  angular veloc- 

2 



velocity of rotation, and the apparent planetocentric so la r  motion becomes 

retrograde.  At some points on the planet, the Sun has  two risings and two 

settings each so lar  day. The two effects of the eccentricity reinforce one 

another, with the l a rges t  f l u x  coming a t  a t ime when the Sun is practically 

stationary and the smal les t  flux when the angular ra te  of the Sun a c r o s s  the 

sky is largest .  The resulting variations in  total heating a r e  very great;  the 

two longitudes (180" apart)  that see  the Sun overhead a t  perihelion receive 

m o r e  than twice the total energy per period than the longitudes 90" away 

receive, where the Sun is always smal l  and rapidly moving while near the 

zenith. 

Since the heat budget va r i e s  with planetocentric longitude, so  will the 

These variations should be apparent in  observed temperature  s t ructure .  

in f ra red  and microwave temperatures .  

s ider  the observed temperatures  as  a function of only one celest ia l  mechan- 

ica l  variable,  the phase angle, as has been done fo r  other planets (see,  e. g . ,  

Pollack and Sagan, 1965). In this report ,  the microwave and infrared 

brightness temperatures  a r e  given a s  functions not only of local t ime on 

Mercury (as  measured by the phase angle a) but also of the position of the 

sub-Earth point on the planet, as  specified by the heliocentric longitude q. 

This choice of a second variable eliminates the ambiguity in  the analysis of 

Mercury by Vetuchnovskaya and Kuzmin (1967), who use  radius vector for  

the second variable. 

It is therefore  insufficient to con- 

In this report ,  I discuss  the numerical  computation of surface and sub- 

surface tempera tures  and of the corresponding disk-averaged radio bright- 

ness  temperatures  f o r  a range of physical models for  the epilith. Thermal  

conductivities that incorporate a radiation t e r m  a r e  included. The predic- 

tions of these models a r e  then compared with the existing data. Of course,  

numerical  models such a s  these a r e  possible only for  an idealized planet, 

and the resu l t s  will not necessar i ly  reproduce the behavior of the rea l  planet. 

The plausibility of the basic  assumptions can be estimated, but basically 

their  justification must  l ie in  the ability of the models to reproduce the 

observations. 

observations is  a unique o r  necessar i ly  a real is t ic  description of the planet. 

There is no assurance that a model that does reproduce the 
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But within these restr ic t ions,  the construction of idealized models is a 

powerful tool fo r  interpreting existing data and for  indicating crucial  obser-  

vations that need to be made in  the future, and the models described below 

do s e e m  to offer valuable insights into the nature of the Mercurian subsurface. 
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2. COMPUTATIONAL TECHNIQUES 

2. 1 Thermometr ic  Temperature  Structure  

In all the models I have computed, the subsurface material of Mercury  

(down to the depth of penetration of the diurnal thermal wave) is assumed to  

be horizontally and vertically homogeneous. 

layer  involved in the diurnal temperature  cycle is much less than the radius 

of the planet and also, it is assumed, much l e s s  than the radius of curvature 

of typical surface topography, the tempera ture  s t ruc ture  is taken to be hori-  

zontally uniform, and all energy t ranspor t  is along the normal  to the surface. 

Since the surface itself is assumed spherical ,  the angle of incidence of solar  

radiation is a known function of the planetocentric coordinates of a surface 

point and of the orbital  position of the planet. 

Because the thickness of the 

- 3  Consider a subsurface material character ized by a density p (g c m  ), a 
-1 -1 

specific heat capacity c (cal  g deg ), and a thermal  conductivity 

K(T) (cal  s ec  c m  deg ). With the assumption of plane-parallel  geometry, 

the heat- conduction equation in  the ma te r i a l  is 

-1 -2 -1 

We neglect any possible sources  

(1 1 

or  sinks of thermal  energy in the subsurface 

(cf. Walker, 1961). We shall  consider only a s l ab  of depth X, where X is 

l a rge  enough that the t ime variation of T(X) is negligible. 

condition at X is 

The boundary 

where the flux F 

below. At the surface, the boundary condition is 

may  be due to  energy conducted upward f r o m  hotter regions 0 
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- 1  where r is the Stefan-Boltzmann constant (1. 35 X 

A is the bolometric albedo, and I(t) is the t ime-variable insolation. The 

integrated radiometr ic  emissivity E(  T) is found f rom the monochromatic 

emissivity by the relation 

cal cm-' deg-4 s e c  ), 

where Bv(T) is the Planck function. 

The homogeneous, plane-parallel  heat-conduction equation with these 

boundary conditions was solved analytically 20  years  ago under the sim- 

plifying res t r ic t ions  of temperature-  independent conductivity and daytime 

dependence of insolation on time that was sinusoidal (Wesselink, 1948; 

Piddington and Minnett, 1949; Jaeger ,  1953). More recently, Muncey (1 958, 

196 3) has  obtained a solution fo r  the case in  which conductivity is l inearly 

dependent on temperature.  

solutions to the heat-conduction equation by use of a digital computer, and it 

is this approach that has been applied recently to  the Moon (see,  e. g . ,  

Linsky, 1966). The numerical  approach permi ts  solutions involving complex 

variations of thermal  properties with temperature  and depth, s o  that the 

choice of models is not limited by the thermal  pa rame te r s  that can be incor- 

por ated. 

However, it is mos t  profitable to obtain numerical  

The dependence of the thermal  conductivity on temperature  is not well 

known for  ma te r i a l s  that might be expected to make up the subsurface of 

Mercury. The pr imary  temperature  effect is, however, known to be a n  

increase  of conductivity at higher tempera tures  due to the t ransport  of energy 

by radiation as well as by ordinary contact conduction. When energy t ranspor t  
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i n  the E a r t h  and Moon has been dealt  with, conductivities have been considered 

that va ry  as the f i r s t ,  second, o r  third power of the temperature  (see, e. g., 
MacDonald, 1963; Linsky, 1966; Troitsky, 1967; Troitsky, Burov, and 

Alyoshina, 1968). To represent  the range of temperature  dependence that 

m a y  apply, I have considered the following two forms:  

1) Tempera ture  independence: K = KO 

2) 
3 Temperature-cubed dependence: K(T) = KO t BT . 

F o r  these two cases ,  the heat-conduction equation becomes 

2 a T  
a t  pc-= (KO f B T 3 ) q  t 3BT 

ax 

Since equation (6)  reduces to  equation (5) in  the case  that B = 0, the tempera-  

ture-independent models a r e  considered in  the following to be a special  case 

of the temperature-cubed dependence of conductivity. 

Equation (6 )  can  be solved numerically when wri t ten in finite difference 

L e t  u s  consider a t ime increment At and a depth increment  Ax, with 

Then, with the use  of central  and forward dif- 

form. 

Tn = T(x = m Ax, t = n At). m 
ferences,  equation (6) becomes 

whe r e  
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In order  to ensure  stability of the numerical  solution against perturbations, 

the coefficient K .  C must  be l e s s  than 1 /2 (Munro, 1964). The temperature  

a t  the surface, To, is found when the upper boundary condition (3) is writ ten 

as 

n 

[-T;+ 4T1 n -3Ti] + (TY; Tt,)3 (TY - Ti) 

KO 2(Ax) Ax 

A 

This equation is solved numerically by Newton's method. 

Walker (1961), any fluxes that might originate f rom internal heat sources  

a r e  negligible i n  comparison with the diurnal fluxes produced by the varying 

insolation. Therefore,  a lower boundary condition of ze ro  flux is assumed. 

The tempera ture  of the bottom layer  considered in the calculations is 

adjusted to give a z e r o  net flux (averaged over one diurnal cycle) at all 

levels in the subsurface,  and the accuracy with which this condition is ful- 

f i l led throughout the subsurface i s  a measu re  of the convergence of the 

numerical  solution to a steady state. 

As shown by 

F o r  the temperature-independent case (B = 0), the diurnal period is 
4 divided into 176 t ime intervals of 8. 6 X 10 The depth increment A x  is 

then calculated directly f rom the requirement  that K .  C = 0. 4, and the maxi- 

mum depth considered i s  X = 30 * Ax. Where B > 0, the depth scale is cal- 

culated as above by use of K(T) evaluated at  T = 350°K. To ensure  stability 

over the entire temperature  range, the time increment  i s  then decreased so 

that K -  C is l e s s  than 0. 4 for a temperature  of 710"K, which is the highest 

value ever  reached on Mercury. 

the computations a r e  continued through five o r  m o r e  diurnal cycles, the 

temperature  being adjusted at depth X at the end of each cycle as needed, 

until the tempera tures  at each depth throughout the cycle converge to their  

steady-state values. 

sec. 

With these values for  A x  and At established, 
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The insolation I(t) is a function of both planetocentric and orbital  coord- 

inates. 

planetocentric coordinates a r e  longitude and latitude. In all the computations 

presented here,  the obliquity of the axis of rotation of Mercury is taken to be 

zero,  a resul t  consistent with, but not demonstrated by, the r ada r  da t a  

(Dyce et _.__ al., 1967). 

as the local hour angle (LHA) of the Sun at latitude 8 ,  the insolation is given 

The orbital  position is specified by the heliocentric longitude q ; the 

If we t r ea t  the Sun as a point source and define LHA(t , I )  

by 

I- 
> cos (+) cos [LHA(t,I)] for  cos (LHA) 2 O ,  0 

ut, 1, +I = 
[r(t)I  

= 0 for  cos (LHA) < 0 , ( 9 )  

6 -2  where I is the so la r  constant (1. 388 X 10 e r g  cm 

radius vector in  astronomical units. 
7 

axial rotation ra te  !i2 = (6v/ 1. 52 X 10 ), the orbital  angular position q ,  and 

the longitude 

s e c - l )  and r(t) is the 0 
The local hour angle is found f rom the 

The quantities r(t) and q (t) a r e  tabulated in  the Amer ican  Ephemeris  and 

Nautical Almanac. 

I have used the CDC 6400 computer of the Smithsonian Astrophysical 

Observatory (SAO) to find the thermometr ic  temperature  in the subsurface 

as a function of q for  particular points (+, 1) on the surface of Mercury, using 

a var ie ty  of assumed thermal  and photometric parameters .  

temperature-  independent conductivity, I have checked my  resul ts  for the 

surface tempera tures  against  those found by Soter and Ulrichs (1 967), who 

used a f iner  grid of t ime and depth increments  and a l so  allowed f o r  the finite 

angular s ize  of the Sun. The agreement  is excellent, verifying the adequacy 

of my  m o r e  economical computing procedures.  

In the case of 
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2 . 2  Radio Brightness Tempera tures  

Since thermometr ic  temperatures  have not been measured  on Mercury,  

i t  is necessary to use  the temperatures  described above to compute radio 

brightness tempera tures  at microwave wavelengths to be compared with 

existing data. F r o m  a temperature  distribution T(x), we wish to find T ( A , $ ) ,  

the radio temperature  at wavelength A as seen  at a n  angle 8 f rom the normal 

to the surface. 

R 

The angle 8 is the direction of the ray  in  vacuo. The r ay  direction 0’ in -- 
the subsurface is given by Snell’s Law: 

s i n  8 s in  6‘ = - 41) ’ 

where n(A) is the index of refract ion for  the radio wave in  the subsurface. 

Using the Rayleigh-Jeans approximation, we have the equation of radiative 

t ransfer  in  a solid: 

-1 where k(A) is the absorption c r o s s  section pe r  unit volume (cm ), R(A) is 

the surface reflectivity, and p E cos 8’. 

f r o m  a finite s e t  of computed tempera tures  T we sum the contributions m’ 
f rom each layer ,  assuming a l inear  temperature  gradient within the layer.  

F o r  the layer  extending f r o m  x 

p a r t s  i l lustrates  the dependence on the temperature  gradient: 

In o rde r  to  evaluate the integral  (11) 

to  x integration of equation (1 1)  by m- 1 m’ 

10 



If m = 2 and x1 = 0, and we le t  x 

the familiar second Eddington-Barbier relation. 

approach infinity, equation (12) reduces to 2 

To obtain the total  brightness tempera ture  T 

tions of equation (12)  a r e  summed over M layers .  

temperature  is taken to be constant at T 

the individual contribu- 

Below the Mth level, the 
R' 

Then T R  is given by M' 

( 1 3 )  
This equation is used to compute the individual radio tempera tures  that mus t  

then be combined t o  reproduce the average brightness temperature  of the 

unr e s olve d planetary disk. 

2. 3 Disk-Averaged Temperatures  

In determining the way to combine individually computed brightness 

tempera tures  t o  give disk-averaged temperatures ,  I neglected the inclination 

of Mercury ' s  orbi t  to  the ecliptic. Thus, the sub te r r e s t r i a l  and the subsolar 

points are always taken to  l ie on the equator of Mercury. 

inclination is only 7 " ,  e r r o r s  introduced by this simplification a r e  less than 

order  (1 - 

Since the orbital  

7 "  ) E 0.1% and s o  are not significant. 

F o r  convenience in visualizing the geometry of the situation, we may 

consider Mercury  f ixed  at a value of q and examine i t s  appearance f r o m  a 

moving Earth.  The phase angle @ is the planetocentric angle between Sun 

and Earth.  

local hour angle of the Sun equal to @. 

any time among q ,  LHA, and 1 [equation (1 O)]. 

variables  LHA and I and express  the tempera tures  in t e r m s  of the celest ia l  

mechanical var iables  (q, a), which a r e  the mos t  convenient var iables  to  

associate  with the observations. 

It is c lear  that the sub te r r e s t r i a l  longitude on Mercury  has  a 

Fur ther ,  we know the relationship at 

We can  readily eliminate the 
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In constructing thermal  models of Mercury, I have computed tempera-  

t u re s  as a function of t ime for  the gr id  of planetary coordinates spaced 30" 

apa r t  in latitude and longitude. 

at a given time, three  radio brightness temperatures  a r e  computed, co r re s -  

ponding to  angles of view of 0",  30", and 60" f r o m  the local normal. These 

directions all l ie  in  a plane parallel  to the ecliptic. The temperatures  at 
each longitude a r e  averaged over latitude, the points at latitudes 0", 30", 

and 60" being weighted in  the rat io  of the projected a r e a s  of the s t r ip s  of 

which they are the centers  (0.329:O. 556:O. 11 5). 
of disk-averaged tempera tures  is then reduced to finding the weighted average 

of the temperatures  at the subter res t r ia l  longitude P at normal  incidence, at 

the longitudes P o  f 30" at a 30" angle of incidence, and a t  longitudes P o  f 60" 

at a 60" angle of incidence, all of which are already computed. 

priate weights a r e  (0.096: 0.266:O. 276: 0.266: 0.096). 

F r o m  the T(x) found at each of these points 

The numerical  computation 

0 

The appro- 

The computational procedure de scr ibed above requires  that a complete 

temperature  s t ruc ture  be computed for  18 individual points on the surface of 

the planet. It is clear ,  however, that the three points computed at each 

longitude will have exactly the same insolation cycle, except fo r  the cos $I 

t e r m  in equation (9). 
iate latitude where the temperature  will always be equal to the weighted mean 

of the tempera tures  a t  latitudes 0", 3 0 " ,  and 60" .  If  this latitude does not 

vary with wavelength of observation or  with the assumed pa rame te r s  of the 

model, its use  will cut total computation t ime by m o r e  than a factor of 2. 

It therefore seems worthwhile to  look for  a n  intermed- 

The total energy incident on the surface is proportional to cos 4.  If 

we assume that all the tempera tures  scale  as (cos +)"', the latitude +o, 
where the tempera ture  is equal to the latitude-averaged mean  of all the 

temperatures ,  is given by 

(cos (Pl1j4 cos (p cos 1 dw 
(cos +o) 1 / 4  - - k i s k  

cos + cos P dw 
L i s k  
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When the solid angle dw is writ ten in  t e r m s  of d+ and d l ,  equation (14) reduces 

to  

Evaluation of equation (1 5) gives + = 33". 0 

F r o m  an  examination of the computed tempera tures  for a wide variety of 

models and wavelengths, I concluded that tempera tures  found for 

+ o  = 30" f 2" agree  within 0. 5% at all t imes  with the latitude-averaged temper-  

atures.  

33", the power-law dependence of the temperature  is slightly stronger than 

(cos +)ll4; in  other words, it appears  that the tempera tures  at higher latitudes 

a r e  somewhat hotter than would be expected f r o m  the idealized (cos +) 

law. 

and 33" differ by l e s s  than 170, s o  that i t  ma t t e r s  very  little which i s  used. 

In computing a grid of models,  I have substituted the tempera tures  calculated 

at +o = 30" for  those obtained by actual averaging over latitude. 

An examination of equation (14) indicates that if + = 30" rather  than 0 

1 /4 

In any case, the actual brightness tempera tures  computed for  +o = 30" 

2 .4  Infrared Brightness Tempera tures  

Brightness tempera tures  have been measured  for  Mercury in the 8- to 

14-p infrared window as  well as at microwave frequencies,  and I have com- 

puted infrared tempera tures  f rom the models to compare with these data. 

Since the opacity of the surface mater ia l s  of Mercury is almost  certainly 

very  g rea t  at mic ron  wavelengths, I have taken the effective emitting region 

in the infrared to be the actual surface. The brightness temperature  i s  then 

computed f r o m  the surface thermometr ic  temperature  by multiplying by the 

fourth root of the emissivity, although for  greater  accuracy, the nth root, 

where n =  1.439/XTa should be used at tempera tures  below 300°K for  this 
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spec t ra l  band ( see  Morrison, 1968b). Since only center-of-disk tempera tures  

a r e  given, possible dependence of emissivi ty  on direction ( see  Sinton, 1962) 

does not introduce any additional e r r o r .  

2. 5 The Computer P r o g r a m  

I have wri t ten a FORTRAN IV computer program to execute all the com- 

In F igu re  1, an outline flow diagram of putational s teps  described above. 

this program is given. 

MERCURY, the ma in  control program, begins the calculation of each 

and R350 defined -1 12 model by reading the values of the pa rame te r s  ( K P C ) ~ ~ ~  

at 350°K. 0 
tempera ture-  independent contribution to  the conductivity. Because longitudes 

separated by 180" on the planet undergo identical thermal  cycles, it is neces- 

s a r y  to  compute tempera tures  only fo r  I = 0", 30", 60",  90", 120", and 

150". 

t empera tures  at each of these longitudes a r e  associated with e a c h y .  

second of these tempera tures  is assigned by the program to  longitude 

1 + 180", so  that the resulting tempera tures  a r e  unique functions of y and I ,  
with I running f r o m  0" t o  330". 

3 Here,  R350 is the ra t io  B - (350) /KO, where K is the 

The diurnal cycle is two orbital  periods in  duration, so that two 

The 

Subroutines ORBIT, CONDUCT, and PHOTON compute the thermometr ic  

tempera tures  T(x) at each value of q and I .  

given by equation (9). 
independent conductivity [K = K(T = 350")l ; PHOTON then takes  this solution 

as a s tar t ing point fo r  the determination of T(x) by equations (7)  and (8). 

Subroutine RADTEMP converts the thermometr ic  tempera tures  to  radio 

brightness tempera tures  at seven wavelengths: h = 1. 2 mm, 3. 4 rnm, 

8. 0 rnm, 1. 9 cm, 3. 75 cm, 11. 3 cm, and 21. 0 cm; it a l so  finds the equa- 

to r ia l  in f ra red  brightness temperature .  

T 

ORBIT generates  the insolation 

CONDUCT finds T(x) on the assumption of temperature-  

Function subroutine RADIO computes 

fo r  each  value of X and 8, using equation (10). These tempera tures  a r e  R 
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4 

Subroutine ORBIT 
Compute I ( q , J ) ,  the insolation as a 
function of heliocentric longitude 

GO THROUGH LOOP and planetary longitude. 
SIX TIMES, ONCE FOR 

EACH LONGITUDE 

Program MERCURY 
Control logical flow for all calculations. Specify 
values of thermal and electrical parameters. 

L 

Subroutine CONDIJCT 
Solve heat-conduction equation without 
radiative term. After six cycles, obtain 
thermometric temperatures T(q,x,J), where 
x is the depth below the surface. 

Subroutine RADTEMP 
From T(n,x,J), determine brightness + 4 temperatures at 8 wavelengths for 3 
angles of emergence of the radiation: * TRO(n,J,A) for normal rays; TR3(n,J,X) - 
at 70; and TRb(q,J,X) at 60 degrees. 

Subroutine PHOTON 1 

Function RADIO 
Solve the equation of radiative 
transfer in the Rayleigh-Jeans 
approximation to obtain bright- 
ness temperature from given T(x). 

Starting from T(n,x,J), solve heat-conduction 
equation with temperature-dependent conductivity. 
After 5 to 10 cycles, obtain new T(q,x,J). 

- r 
Subroutine PHASE 

Determine the disk-averaged brightness temperature 
TB(n,Q,A), as a function of phase angle ( a )  and of 
r ~ ,  by combining appropriate weighted values from 
arrays TRO, TR3, and TR6. 

1 I 1 

Subroutine OUT 
Control printing of results. 

Subroutine POFT 
Print a contour map of the 
brightness temperature from H given values of TB(n,@). 

I I 

t 
I I 

ONE LOOP FOR 
EACH WAVE LENGTH 

I Subroutine SORT 
Do bubble sorting as needed. 

Figure  1. Flow diagram of the ma in  program and subroutines 
used to calculate Mercury  models.  
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combined by subroutine PHASE to give disk- averaged temperatures  expressed 

as a function of (q, Q). Using subroutines OUT, POFT, and SORT, the pro- 

g r a m  presents  the resu l t s  of these calculations in the f o r m  of contour maps  

giving the brightness temperature  in the (q, (3ir) plane. 

maps  a r e  generated, one f o r  each  of the wavelengths considered. 

F o r  each model, eight 

This computer program was writ ten for  SAO's CDC 6400 computer. On 

this machine, with the use  of the SCOPE 3 .  0 compiler, the central  processor  

computation t imes for  a typical model have been determined to be the follow- 

ing: 

CONDUCT 15 s e c  

PHOTON 80  
RADTEMP and PHASE 1 0  

All others 15 

Total t ime 120 s e c  

This total t ime is f a r  a single latitude; if the computations a r e  ca r r i ed  out 

for  three latitudes, the total t ime is increased to about 315 sec  pe r  model. 

2 . 6  Computational E r r o r s  

Numerical computation of models of Mercury  using finite- difference 

techniques necessar i ly  introduces some random e r r o r s  into the result ing 

brightness temperatures .  

magnitude of the uncertainty i n  the numerical  results.  

In a number of t e s t  cases ,  I have estimated the 

The e r r o r s  in the insolation introduced by subroutine ORBIT a r e  negli- 

Thermometr ic  tempera tures  found by subroutine CONDUCT have gible. 

e r r o r s  of l e s s  than 1%, but these increase when temperature-dependent 

conductivities a r e  considered by PHOTON. 

associated with the upper boundary in  CONDUCT and with the lower boundary 

in PHOTON; in the la t te r  case, the e r r o r s  may  r each  2%. 

worthwhile, however, to u s e  the ex t ra  machine time required to reduce these 

e r r o r s  below the values quoted. 

The l a rges t  uncertainties a r e  

It does not s e e m  

16 



Radio brightness temperatures  a r e  computed ve ry  accurately when the 

effective depth of emission (k/p)  is severa l  t imes  the depth increment Ax, 
as can be seen  f rom equation (12) .  

pr imar i ly  in the upper one or  two l aye r s  fo r  most  models,  and he re  the 

assumption of a l inear  gradient within each layer  introduces some problems. 

These e r r o r s  a r e  s t i l l  probably less than 270 in the brightness temperature.  

However, the mi l l imeter  radiation a r i s e s  

A typical e r r o r  introduced by the use  of tempera tures  computed at 
4, = 30" as a substitute for  direct  averaging over latitude is less than 0. 5%. 

Averaging over longitude with use  of a 30" grid will introduce e r r o r s  of up 

to 1%. 

as the surface thermometr ic  temperatures ,  since no averaging is involved. 

Of course,  the center-of-disk infrared tempera tures  a r e  as accurate  

In the final presentation of the numerical  resu l t s  as contour plots, a 

cer ta in  amount of smoothing takes place, which tends to reduce the effects 

of small random e r r o r s  in the temperatures .  I conclude that the e r r o r s  in 

the plotted brightness tempera tures  a r e  generally l e s s  than 2% for  the 

centimeter wavelengths but may  be as high as 570 a t  the shor tes t  radio 

wavelength, A = 1. 2 mm. 
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3. SPECIFICATION OF NUMERICAL PARAMETERS 

The computer program outlined in the preceding section requi res  that 

numerical  values be given for  a number of physical propert ies  of the epilith 

of Mercury. To avoid the necessity for  a many-dimensional grid of models, 

I have adopted standard values f o r  m o s t  of these pa rame te r s  and have com- 

puted models with only the contact thermal  conductivity and zhe radiative 

conductivity allowed to  vary.  

3. 1 Photometric Proper t ies  

F r o m  a review of the observational data, de Vaucouleurs (1964) finds a 

visual Bond albedo of 0. 058 and notes ( see  also Sagan, 1966) that the var ia-  

tion of albedo with wavelength is ve ry  s imi la r  fo r  Mercury and for the Moon. 

Since the ultraviolet and infrared phase curves a r e  unknown, de Vaucouleurs 

is unable to specify a value for the bolometric albedo. In their  thermal  cal- 

culations, Soter  and Ulrichs (1967) adopt a bolometric albedo equal to the 

visual albedo of 0. 058, while Belton e t  al. (1967) use  the value of 0. 23 by 

analogy with the high lunar albedo employed by Jaeger  (1953). Linsky (1966), 

using the data given by Har r i s  (1961), finds a bolometric albedo fo r  the Moon 

of 0. 12. F o r  these calculations, I have adopted an albedo of 0. 10, similar 

to that of the Moon and consistent with the existing measurements  for  Mercury. 

The tempera tures  scale  with the albedo as (1 - 
pera ture  is only 1% f o r  a n  albedo differing by fO. 05 f r o m  the adopted value. 

s o  the change in tem- 

Total-reflectance measurements  of a number of t e r r e s t r i a l  igneous rocks 

in a wide range of particle s izes  have been made in  the wavelength range 0. 5 

to 22 p by Hovis and Callahan (1966). 

m a y  be considered representative of the surface of Mercury, these data can  

be used to  determine the radiometr ic  emissivity. Photometric and polari- 

m e t r i c  evidence indicates that the bulk of the surface mater ia l  on Mercury 

is granular o r  dusty; this fact simplifies the computation of emissivity, since 

To the degree that these substances 
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the data of Hovis and Callahan indicate that the peculiar spectral  fea tures  of 

rocks of different composition show mos t  strongly in solid samples  and 

become much l e s s  prominent in pulverized samples.  Therefore,  I have 

chosen to consider only two of their spectral  reflectance curves, both fo r  

mixed samples  of pulverized rock: one of s ize  1 to 2 mm and one of l e s s  

than 0. 038 rnm. 

is the broad absorption by water of crystall ization or  water of constitution 

near  3 p.. 

where its depth is comparable to that observed in  these t e r r e s t r i a l  samples.  

Whether it exis ts  on other planets is not known, but its absence would change 

the values of the radiometr ic  emissivity only for  temperatures  above 600°K. 

Applying equation (4) to these data, I have obtained the emissivi t ies  i l lustrated 

a s  a function of temperature  in  F igure  2. The monochromatic emissivi t ies  

were  assumed constant beyond 22-p. wavelength. F o r  the models presented 

in this report ,  I have used the constant radiometr ic  emissivity of 0. 94 indi- 

cated in Figure 2 as being appropriate for  small particle sizes.  

The most  prominent feature  in  the spec t r a  of these samples 

Sinton (1967) has observed this band in  reflection spec t ra  of Mars ,  

< 0.038 mm 

I I I I 1 I 
200 400 600 

TEMPERATURE ( O K )  

Figure  2.  Radiometric emissivi t ies  of pulverized t e r r e s t r i a l  rocks,  
computed f rom the reflectance measurements  of Hovis and 
Callahan (1 966). 
shown, 

Two distributions of particle s izes  a r e  
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A similar calculation of the average emissivity in the 8- to  14-t~, atmos- 

pheric window gives a value of 0. 94, practically independent of e i ther  tem- 

pera ture  o r  particle s ize ,  and this is the value used to  convert thermometr ic  

surface tempera tures  to infrared brightness temperatures .  These brightness 

tempera tures  a r e  pr imar i ly  sensit ive only to changes in the ratio of these two 

emissivi t ies ,  not simply to the 8- to 14-p. emissivity. 

3. 2 Bulk P rope r t i e s  

-3  -1 -1 
The density p (g  c m  ) and the specific-heat capacity c (cal  g deg ) 

-1 / 2  enter  the calculations pr imar i ly  through the thermal  parameter  (Kpc) . 
The subsurface density on Mercury can be expected to  fall between 3. 0, a 

value typical fo r  solid t e r r e s t r i a l  rock, and the value of 0. 6 to  1. 2 recently 

found €or the uppermost layer  on a lunar  m a r e  (Christensen, Batterson, 

Benson, Chaote, Jaffe, Jones,  KO, Spencer, Sperling, and Sutton, 1968; 

Campbell, Ulrichs, and Gold, 1968). On the Moon, the density increases  

with depth f r o m  these low values to a limiting value of about 2. 8 tens of 

centimeters below the surface,  and a density of 1. 5 g cm is considered 

charac te r i s t ic  of the upper 10 cm of the epilith (Jaffe, Batterson, Brown, 

Christensen, Gault, Lucas,  Norton, Scott, Shoemaker, Sutton, and 

Turkevich, 1968; Scott  and Roberson, 1968). F o r  Mercury, I assume a 

constant density of 1. 5 g ~ m - ~ .  

heat  capacities near  0. 20  cal  g- l  deg 

so this value is adopted for Mercury. 

deg . 

-3 

Almost  all abundant minera ls  have specific- 

(International Cri t ical  Tables, 1933), -1 

- 3  The product pc is then 0. 30 cal  c m  
-1 

3. 3 Elec t r ica l  Proper t ies  

The only experimental  measurements  of the e lec t r ica l  propert ies  of 

Mercury  are the r ada r  c r o s s  sections of about 670 observed at wavelengths 

f r o m  12. 5 to  48 c m  (see Pettengill,  Dyce, and Campbell, 1967). F o r  a 

smooth surface, the corresponding value of the relative dielectr ic  constant E 

is 2 .7 ;  if we employ a directivity factor g = 1.1 as suggested for  the Moon 

(Pettengill,  1965), then E = 2. 9. These dielectr ic  constants are  similar to  
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that  of the Moon but are  somewhat smaller than those of Venus, Mars ,  and t e r -  

restrial rocks.  Loose, d r y  sand, however, does have a dielectr ic  constant of 

about 3 (Pettengill,  1965). Assuming the surface of Mercury  behaves as a pure 

dielectr ic  with dielectr ic  constant E = 2. 9 at the wavelengths of interest ,  I 

have se t  the reflectivity R of equation (10) equal to 0. 060 and the index of 

refract ion equal to  1. 7 for  all radio wavelengths. 

To calculate microwave tempera tures  f r o m  thermometr ic  temperatures ,  
-1 we must a l so  specify the absorption c ros s  section per  unit volume k ( c m  

F o r  m o s t  geochemically abundant mater ia l s ,  k can be expressed as ko/X, 
where k is a constant that  depends on the composition and porosity of the 0 
mater ia l .  

on composition fo r  a wide range of minera ls  and have found variations of 

more than 2 o r d e r s  of magnitude. 

microwave studies of the Moon (Weaver, 1965) is typical of loose, d ry  
minera l  samples  and is the value adopted for  Mercury. 

approximation, a given phase effect can  be matched by models employing a 
range of thermal  propert ies ,  s o  long as we a l so  allow k 

way that the rat io  of e lec t r ica l  and thermal  skin depths ( see  Section 3 . 4  

below) is constant. 

f o r  which the radiation is assumed to originate at z e r o  depth, but it does 

limit our ability to determine uniquely the thermal  propert ies  of Mercury  

f r o m  microwave observations alone. 

). 

Pollack and Sagan (1965) have discussed the dependence of opacity 

The value of ko of 0.10 found f r o m  

To a good first 

to vary  in  such a 0 

This ambiguity does not exist for  infrared observations, 

3. 4 Thermal  Proper t ies  

With all the preceding parameters  specified, the independent variables 

that specify the models a r e  only the temperature-independent thermal  con- 

ductivity K (cal ern-' sec 

dependent conductivity [see equation (6)]. 

var iables  actually used in the computation of thermal  models  were  

~ 3 5 0 ~  (KPc)- 
at T = 350°K. 

-1  deg- l )  and the coefficient B of the tempera ture-  
0 

F o r  convenience, the independent 

2 3 
(cal-I  cm sec1j2  deg) and R350 = B O T  /KO, both evaluated 
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F o r  comparison with microwave tempera tures ,  the models with no radia- 

tive t e r m  in the conductivity a r e  m o r e  conveniently character ized by a param- 

e t e r  that does not depend f o r  interpretation on the choice of microwave opacity. 

The thermal  skin depth Lt is the depth at which the amplitude of the f i r s t  har-  

monic in a Four i e r  analysis of the temperature  is reduced to  1 /e  of its surface 

value, and the e lec t r ica l  skin depth L 

an  incident electromagnetic wave is damped to  1 /e  of i ts  incident value. 

ratio of these depths i s  the dimensionless parameter  6,  given by 

is the distance in which the energy of 

The 
e 

The parameter  that we may wish to  use instead of y i s  then 6/A ( cm- ' ) ;  with 

our choice of numerical  values, this is 

-1 
(17)  

In the following sections, the variations of microwave temperature  will be 

presented a s  a function of 6 / X .  

Following Linsky (1 966), we can interpret  the value of the radiation 

coefficient B in t e rms  of the mean spacing s between opaque radiating par t i -  

c les  in the subsurface: 

where E is  the infrared emissivity, and cr is the Stefan-Boltzmann constant. 

A s imi la r  expression can be derived f rom the equations of radiative t ransfer  

in  a continuous gray medium of opacity K ;  if we consider an elementary vol- 

ume severa l  infrared optical depths below the surface,  where the radiation 

field i s  nearly isotropic,  we obtain 

Except f o r  the factor 3E/4,  this resu l t  is identical to the preceding when the 

length s i s  identified with the photon mean f r ee  path ( K p ) - l .  

mination of y 350 and R350 can lead to  values f o r  the thermal  conductivity 

and the thermal  photon mean  f r e e  path in  the subsurface of Mercury. 

Thus, a de te r -  

2 3 / 2 4  



4. RESULTS 

4. 1 Contour Plots  of TB (@,q) 
- 

OF CALCULATIONS 

As described in the preceding sections, each model i s  defined by specify- 

contour plots of brightness tem- 350; ing values for  pa rame te r s  y 

pera ture  as a function of phase angle and heliocentric longitude a r e  then 

generated. 

1. 9 cm (Morrison and Sagan, 1967) and at 3. 4 mm (Morrison, 1968a) indicates 

that approximate f i ts  to the data a r e  obtained with y 

s e c  

with ~ 3 5 0  = 250, 500, and 1000 cal- '  cm2 sec1 l2  deg. In F igures  3 through 

8, contour plots a r e  given for R = 0. 0 at wavelengths of 0. 12, 0. 34, 0. 80, 

1. 90, 3. 75, and 11. 30 cm. 

disk infrared brightness temperature.  

sented in a l a t e r  section. 

those given can easily be found f rom the plots by l inear  interpolation between 

phase curves obtained fo r  the bracketing wavelengths. 

and R 35 0 

A comparison of prel iminary models with the observations a t  

-1 2 = 500 cal  cm 35 0 
I have therefore chosen for  presentation those models 1 /2  deg and R350 = 0. 

350 
Figure  9 gives a s imilar  plot of the center-of- 

# 0 will be pre-  350 Models with R 

Phase curves f o r  wavelengths intermediate between 

It is apparent f r o m  these f igures  that for  a given electr ical  skin depth, 

and hence f o r  a given physical depth, the amplitude of the temperature  var ia-  

tion increases  with decreasing thermal  parameter  y 
that, in  this report ,  the commonly employed t e r m  "thermal  inertia ' '  is not 

used fo r  the reciprocal of the thermal  parameter .  This t e r m  was introduced 

when only the amplitude of the surface temperature  variation was considered, 

where a la rge  "inertia" implies a damped temperature  cycle. 

subsurface, increasing this iner t ia  actually increases  the temperature  var ia-  

tion, s o  that the t e r m  thermal  iner t ia  is confusing. 

better not used. 

It is for  this reason 350' 

But in  the 

This t e r m  is therefore 
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PHASE ANGLE ,G 

X = O 1 2  cm 8/X=0.34 R350=0 .0  

PHASE ANGLE,@ 

X = 0 1 2 c m  6/X=0.68 R 3 5 0 = O 0  

PHASE ANGLE ,@ 

X = 0 1 2 c m  8/X=1.37 R350=0 .0  

Figure  3. Computed brightness temperature  as a function of 
@, 7 ,  and y350 for  R350 = 0 and X = 1 . 2  mm. 
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PHASE ANGLE, 9 

1 = 0 . 3 4 c m  8 / X = 1 . 3 7  R350 =O.O 

PHASE ANGLE ,@ 

X = O . 3 4 c m  8/X=0.68 =O.O 

PHASE ANGLE, 9 

Figure  4. Computed brightness temperature  as a function of 
@ r  r l r  a n d y  350 for  R350 = 0 and X = 3 . 4  mm. 
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PHASE ANGLE ,@ 

X=0.80 cm 8/X=0.34 R350 =O.O 

PHASE ANGLE ,a 

X = 0 . 8 0 c m  S/A=0.68 R350 =O.O 
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360 

X=O.BOcm 8/X=1.37 R350 =O.O 

Figure 5. Computed brightness temperature as  a function of 
Qj, rl> and Y 3 5 0  for R350 = 0 and X = 8. 0 mm. 
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PHASE ANGLE, @ 

X =  1.90cm WX-0.34 R3% =O.O 

PHASE ANGLE,@ 

X -  1.90cm 8/X=0.68 RJ5,, =O.O 

PHASE ANGLE ,@ 

Figure 6. Computed brightness temperature as  a function of 
a, 7 ,  and y f o r  R - 0 and A =  1 .  90 cm. 3 5 0  3 5 0  - 
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PHASE ANGLE,@ 

X =  3.75 cm S / X  =0.34 R350 =O.O 

PHASE ANGLE ,@ 

X =  3.75 em S / X = O . 6 8  R,,, =O.O 

PHASE ANGLE, @ 
0 30 60 90 I20 150 180 210 240 270 300 330 360 

I I I I I I  I 

- 

+ 
255 

+ 
25 I 

I I I 

A -  3.75 cm 8/X=1.37 R350 =O.O 

Figure  7. Computed br ightness  tempera ture  as a function of 

a, ‘I, and Y 350 for R350 = 0 and A = 3.75 cm. 
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PHASE ANGLE ,@ 

A =  I I  3 cm 8/X=0.68 RSSO =O.O 

PHASE ANGLE ,@ 
n 30 60 90 120 150 180 210 240 270 300 330 360 

W 
I 3 0 0  - 

330 - 
360 I I I I I I I I 

A=11.3cm 8/k= 1.37 RSs0 =O.O 

Figure  8. Computed brightness tempera ture  as a function 
a, q, and y350 for  R350=  0 and X =  11. 3 cm. 

of 
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PHASE ANGLE ,e 

IR (canter of disk) Y350 =500 RmO= 0.0 

PHASE ANGLE ,e 

IR (center of disk)  y3so'iooo R350= 0 .O 

Figure 9. Center-of-disk infrared brightness temperature  as a function 
of @ andq fo r  the indicated values of y350 and R350. 
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In order  to obtain a par t icular  phase curve f r o m  one of the contour plots, 

we use  the phase angle (9 and heliocentric longitude q given as a function of 

da t e  i n  the Amer ican  Ephemeris.  The path of the planet ac ross  the plot is 

then a n  i r regular  diagonal line f r o m  upper left to lower right, and the tem- 

pera tures  can be read directly as a function of t ime o r  of @ f r o m  the inter-  

sections of this line with the temperature  contours. 

curve fo r  one apparit ion will differ f r o m  that for  another. 

(1968a) has  pointed out that, because two so lar  days on Mercury  a r e  approxi- 

mately equal to three synodic periods, at the end of three apparitions the 

(iP,q) curve will very  nearly repeat  itself. Thus, even though we should not 

average da ta  taken in successive synodic periods, it is usually satisfactory 

to average with da ta  taken three synodic periods ( o r  about one t e r r e s t r i a l  

year )  ear l ie r .  

In general, the phase 

However, Klein 

As  we go f r o m  shor t  t o  long wavelengths, the amplitude of the phase 

effect decreases ,  but even at very  long wavelengths it never approaches zero.  

This is because with the 2:3 spin-orbit  coupling, the heat budgets of different 

longitudes are permanently unequal. Thus, the equilibrium temperature  at 
grea t  depths will be higher at some longitudes than at others;  with 

2 = 500 ca l - l  c m  s e ~ ' ' ~  deg and R 

f rom 269" to  345°K with a 90"  change in planetary longitude. 

the contour plots in  F igure  8, where mos t  of the diurnal temperature  var ia -  

tion has  been damped out. 

f igure can be understood if we follow one of the two longitudes for  which the 

Sun is overhead at perihelion, at E 80". That point will be at the center 

of the disk as seen  f r o m  E a r t h  at @ = 0", near  the maximum temperature  on 

the plot. 

q E 260", this point will have rotated (-1 /3) X (360") in  phase angle, to about 

@ = 240". 

i n F i g u r e  8. 
by the small apparent angular rotation of the planet with respect  to  the Sun 

(and hence to  the Earth) near  q = 80". 

while near  q = 240", when the apparent rotation is fastest, they have the 

smallest slope. 

= 0. 0, this temperature  va r i e s  '350 350 
Let  us consider 

The peculiar shape of the contour l ines in this 

After 44 days have passed and the planet is at aphelion with 

W e  note that the temperature  maximum follows just  such a path 

The character is t ic  zigzag shape of the contour l ines is caused 

Here the contours run  nearly vertical, 

In addition to the point of maximum temperature  that we 
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have been following, there  is a secondary maximum 180" away in planetary 

longitude and therefore  a l so  180" away in phase. 

4. 2 Microwave Behavior with Constant Conductivity 

To  compare the predictions of these models with those of previous 

theories,  we must consider the average variation of temperature  as a func- 

tion of phase angle alone. 

3 to  8 to  generate phase curves f o r  the three apparitions of 1967. 

example, the 1967 temperatures  at a wavelength of 1. 90 cm a r e  plotted in 

F igure  10. 

f r o m  one apparit ion to the next a r e  c lear ly  present.  

F o r  this purpose, I have used the plots of F igures  

As a n  

Asymmetr ies  in  the curves and variations in  shape and amplitude 

500 I I I I I I I I I I I I I 

F igure  10. Model-predicted brightness temperatures  at X = 1. 90  em 
during 1967. The data a r e  taken f r o m  Figure  6 f o r  three 
values of y 350' 
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A Four i e r  analysis of curves  such as those in F igure  1 0  leads to a quan- 

titative description of these variations.  

phase angle can be represented by the s e r i e s  

The temperature  as a function of 

T(@) = T o t  cncos  (G - $n) J 

where the basic period is taken as three  synodic periods,  o r  348 days, and 

the phase angle is in degrees.  

with physically significant periods on Mercury.  

be at the synodic period of 116 days. 

varying distance f rom the Sun with a period of 88 days, and this will beat 

with 11 6 days to produce a variation with period about 350 days, as noted in  

the previous section. 

hotter and cooler planetary longitudes. 

the planet as seen  f r o m  Ear th  at an average interval of 70  days, which is the 

reciprocal  of the difference of the s iderea l  rotational frequency of Mercury 

and the orbital  frequency of Earth.  Thus, the average interval between hot 

longitudes is 35 days, and the beat of this with the synodic period is 50 days. 

Finally, we can expect a component at  58 days, the first overtone of the 

basic synodic period and hence the third coefficient in  a Four i e r  s e r i e s  

representation of the thermometr ic  temperature  variation a t  a point. 

shal l  examine the phase and the amplitude f o r  the 1967 predictions of the models 

fo r  the Four i e r  components with these periods: 348, 116, 88, 58, 50, and 

35 days. 

We can associate  severa l  of the harmonics 

The ma in  harmonic should 

There will a l so  be an  effect due to  

In addition, there  is the effect of the permanently 

A given longitude is at the center  of 

We 

The f i r s t  term of the F o u r i e r  s e r i e s ,  the m e a n  temperature,  depends on 

the choice of y, since at the surface y determines the ra te  of cooling at night; 

the l a r g e r  is y,  the grea te r  the insulation and the m o r e  rapid the cooling of 

the surface layers .  

brightness tempera ture  is independent of wavelength. 

this tempera ture  is 286°K at y = 1000, 295°K at y = 500, and 306°K at 

y = 250 cal-' cm sec1'2 deg. 

In the absence of radiative conduction, the mean  disk 

F o r  these 1967 curves,  

2 
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The behavior of the most  important harmonic, that  with period 116 days, 

The amplitude, shown in F igure  11 as a is i l lustrated in  F igures  11 and 12. 

percent of the m e a n  temperature ,  dec reases  with wavelength, following a 

simple exponential decline at 2 c m  and longer. These curves a r e  in good 

agreement  with those obtained by Gary (1967) f r o m  a scaling of solutions 

originally found f o r  the Moon (Piddington and Minnett, 1949; Weaver, 1965). 

The phase lag (F igure  12) var ies  f rom a l imit  near -40" at long wavelengths 

to a value of about -5" in  the far infrared. In the absence of any phase lag 

i n  the first harmonic of the surface temperature  variation, the microwave 

phase lag predicted f rom this lunar theory should go f r o m  0" to -45". 
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Figure  11. Amplitude of the phase effect (116-day period) as a function 
of wavelength obtained by F o u r i e r  analysis of the model 
predictions for  1967. 
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Figure  12. Phase lag of the phase effect (116-day period) as a 
function of wavelength obtained by Four i e r  analysis 
of the model predictions for  1967. 

The first overtone of the synodic period is the second-most important 

Four i e r  component. 

log plot given in  F igure  11 for the 116-day component. 

y = 500 (and therefore  6 / X  = 0. 68 cm 

1. 2 mm to  2% at 11. 3-cm wavelength. 

all wavelengths. 

t ion with depth of the higher o r d e r  t e r m s  i n  the diurnal var ia t ion of surface 

temperature.  

The var ia t ion with wavelength follows closely the log- 

F o r  the model with 
- 1  

), the amplitude va r i e s  f rom 9% at 

The phase lag is essentially z e r o  fo r  

The behavior of this  overtone i l lustrates  the rapid attenua- 

The components with an 88-day period and a 348-day period a l so  show a 

paral le l  decrease  in  arnplitude with wavelength, f r o m  about 5% to 1%. 

phase lag at 88 days is 140" f 10" ; at 348 days, it is 170" rt: 10". 

tude of the 35-day component is only 370 f 1%, but it is approximately indepen- 

dent of wavelength, consistent with its origin in the permanent differences in 

tempera ture  between hot and cool planetary longitudes. 

with the synodic period is the third-most important harmonic component, as 

The 

The ampli- 

The beat of this t e r m  
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noted a l so  by Klein (1968a) in his analysis of the 3. 75-cm phase effect. 

first increases  with wavelength t o  a maximum of 7'7'0 at about 1 cm, then 

dec reases  to 2% at 11. 3 cm. 

It 

This discussion confirms the presence of the harmonic components that 

a r e  expected f r o m  a qualitative analysis  of Mercury ' s  orbit  and rotation period. 

No other t e r m  in this Four i e r  analysis of the 1967 models has an  amplitude 

g rea t e r  than 2%. 

4. 3 Effects of Radiative Conductivity 

When R350 is allowed to  take nonzero values, the heat-conduction prob- 

lem becomes nonlinear. 

one diurnal cycle, the average subsurface temperature  gradient m u s t  be 

higher a t  night than in  the daytime; the resul t  is to ra i se  the mean tempera-  

tu re  in the subsurface with respect  t o  that on the surface.  

temperature  increases  with depth, approaching a fixed value severa l  thermal  

wavelengths below the surface.  Consider the equatorial  t empera tures  a t  the 

hottest longitude. 

depth where y = 500 cal c m  set"' deg. The equilibrium temperature  350 
at grea t  depth at this position is shown in F igure  14 a s  a function of R350 and 

' 35 0' 
as a n  increase in m e a n  brightness tempera ture  with wavelength, approaching 

a maximum value as 6 becomes much g rea t e r  than unity. 

this s o r t  has  been reported fo r  the Moon (see,  e. g. , Linsky, 1966; Troitsky, 

1967; Troitsky et al., 1968). 

In o rde r  to p re se rve  z e r o  net f l u x  averaged over 

Thus, mean 

Figure  13 i l lustrates  the variation of temperature  with 
-1 2 

Observationally, these increased thermometr ic  tempera tures  appear 

An increase  of 

While the shape of the phase curve for  Mercury  a l so  changes f r o m  its 

constant conductivity f o r m  when R 350 
with the general  increase  i n  the brightness tempera tures  with increasing 

R350' 
wavelength and of R obtained f rom a F o u r i e r  analysis of the 1967 predic- 

tions with y = 500 cal-I  cm sec'  deg. At wavelengths of 3. 4 mm and 

shor te r ,  the tempera tures  are not a l tered significantly. 

f 0, this change is small compared 

Figure  15 shows the m e a n  brightness temperature  as a function of 

2 350 

350 
Beyond X = 11. 3 cm, 
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Figure  13. Equatorial  thermometr ic  mean temperature  a t  a hot 
longitude as a function of depth below the surface 
for  models having ~ 3 5 0  = 500 cal-I  cm2 sec1/2 deg 
and values of R f r o m  0. 0 to 1. 0. 350 

lot. = 0. lona.= 0 

0.2 04 0.6 0.8 1.0 

Figure  14. Equilibrium equatorial thermometr ic  tempera ture  a t  
severa l  thermal  wavelengths below the surface a t  a 

350 and R350' hot longitude, given as a function of y 
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t he re  is little fur ther  variation with wavelength. 

m a p s  at X = 1. 9 cm and X = 3. 75 cm are i l lustrated in  F igures  16 and 17 f o r  

The temperature  contour 
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Figure  15. Mean radio brightness temperature  as a function 
of X and R350 for  the 1967 
having y 

redict 'ons of models 
= 500 cal-l cm5 s e c 1 j 2  deg. 35 0 

When the temperature-  dependent conductivity is specified by 

= 500 calm' cm2 sec'" deg, as in the models of F igures  16 and 17, '350 
the amplitude of the 116-day phase variation is seen  to  increase  somewhat 

increases .  However, when the amplitude is expressed relative to as R 

the mean  temperature ,  it is essentially independent of choice of R 

we see  that by evaluating the temperature-dependent conductivity at the 

temperature  of 350°K, we can preserve  the definition of thermal  skin depth 

and of 6 previously found with the assumption of constant thermal  conductivity. 

In  general ,  the phase curve obtained with a par t icular  choice of y 

R350 can be ve ry  closely approximated by taking the curve computed with 

R350 = 0 and the same  value of y and multiplying all tempera tures  by the 

rat io  indicated i n  F igure  15, thus extending the usefulness of the contour 

m a p s  given i n  F igu res  3-9. 

35 0 
Thus , 350' 

and 350 
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PHASE ANGLE .@ 

A =  1.90cm 8/A=O.68 R350 =O.O 

PHASE ANGLE, 0 

A =  1.90 cm (8/A)350 =0.68 R350 =0.10 

PHASE ANGLE ,@ 

A =  1.90 cm (8/A),,,=0.68 R3,,=0.40 

Figure  16. Computed brightness tempera ture  a 

R35 0 350 

a function of a, q, and 
f o r  y = 500 ca l - l  crn2 sec1T2 deg and A =  1.90 cm. 
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PHASE ANGLE ,a 

X =  3 .75cm 8/X=0.68 R3% ~0.0 

1.3.75 cm ~ 0 . 6 8  R350=0.10 

PHASE ANGLE, 0 
0 30 60 90 120 150 180 210 240 270 300 330 360 

I 

I 

X=3.75 cm (8/X),, =0.68 Rl, =0.40 

Figure  17. Computed brightness te erature a a function of §, q, and 
for  y = 500 ca13’cm2 sec1T2 deg and A = 3.75 cm. R35 0 350 
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Depending on the radio observations available, e i ther  6 / A  (evaluated a t  

T = 350°K) o r  R350, or  both, can be determined (within the assumptions of this 

discussion). 

observations has  much m o r e  uncertainty than the relative tempera tures  that 

define the phase variation. 

expressed in  percent, to find 6 / A  independent of both the absolute calibration 

and the degree of radiative conduction. Alternatively, i f  it is possible to  

make  a n  observation with high absolute accuracy, then R350 can  be found 

without observing other points on the phase curve, if 6 / A  is known. 

not known, R350 can still be determined f r o m  a single observation if it is 

made  near  grea tes t  elongation of Mercury,  where the phase curves for differ- 

ent values of 6 / A  intersect.  

In the usual  case,  the absolute calibration of a s e t  of microwave 

It is then possible to  use  this phase variation, 

If 6 / A  is 
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5. COMPARISON WITH OBSERVATIONS 

5. 1 Infrared Observations 

Observations of Mercury  through the 8- to 14-p atmospheric window 

have been made over half a century, but in  only a ve ry  few cases  has there  

been any resolution of the disk. 

infrared, any flux f rom the dark side is unmeasurable in comparison with 

When the ent i re  disk is measured  in the 

the high flux f r o m  the hotter regions. 

represent  near-equilibrium with the local insolation, the large infrared fluxes 

a r e  not dependent on subsurface conduction. Only observations made of 

resolved par t s  of the night s i d e  of Mercury,  uncontaminated by daytime 

fluxes, a r e  useful in determining the thermal  propert ies  of the epilith. 

Since the higher tempera tures  

On June 21, 1923, Pet t i t  and Nicholson (1923) obtained an uncalibrated 

thermocouple reading of the 8-  to 14-p radiation f r o m  par t  of the unilluminated 

disk of Mercury.  

(1966), who used a n  energy calibration f r o m  l a t e r  observations by Pet t i t  and 
Nicholson (1936) and deduced a lower limit on the m e a n  night-side tempera-  

tu re  at the time of the observation of 180°K. 

the circumstances of the observation, 

necessity of his retrospective calibration. 

readings on an a rb i t r a ry  scale  f rom both the illuminated and the unilluminated 

pa r t s  of the planet in their  1923 observation. In  the illuminated crescent,  the 

surface is in  approximate equilibrium with the insolation, s o  that the tempera-  

t u r e s  are independent of the assumed thermal  model but are  dependent only on 

the orbital  configurations of Mercury  and the Earth.  

This observation has  recently been discussed by Soter 

Using Soter ' s  description of 

I have reduced these data without the 

Pet t i t  and Nicholson obtained 

For the phase angle 

= 247" and heliocentric longitude q = 316", I have calculated, f r o m  the 

thermal  models  presented in  this report ,  the distribution of temperature  

a c r o s s  the disk; the equatorial  t empera tures  are illustrated in F igure  18. 

Af te r  integrating the flux from the planet over the observing aper ture  and 
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correct ing fo r  background reading f r o m  the sky, I find that the observed 

deflections imply a n  infrared specific intensity f r o m  the night side of between 

2% and 470 of the bright-side value, depending on the positioning of the 

radiometer  aper ture .  When the flux in the 8-  to  14-p window f rom the 

bright side is calculated f r o m  the model, the dark-side f l u x  is found to imply 

a temperature  of 180" to  200"K, in  agreement  with the reduction by Soter  

(1966). 

compatible with any value of the thermal  parameter  given h e r e  but implies 

y < 100 cal- '  c m  set''' deg. 

is questionable. 

observations, Pettit and Nicholson gave only data obtained for  the whole disk 

and specifically stated that measurements  of the dark-  side temperature  can- 

not be made (cf. Belton et  al., 1967). 

As is c lear  f r o m  Figure  18, a temperature  as high as 180°K is not 

2 However, the usefulness of this observation 

In  their  1936 paper summarizing all their  previous Mercury 

500 

5 
Y 

$ 400 
3 
I- 
U cc 2 300 
5 
W 
I- 
W 
0 200 

(r 
3 
(I) 

2 

100 

1 I I 1 I 

MERCURY: JUNE 23,1923 \ 

y =  2 5 0  

I 

I 1 
I TERMINATOR 

-1.0 -0.5 0 0.5 I .o 
X- 

Figure  18. Distribution of equatorial  surface tempera ture  
a c r o s s  the disk of Mercury  on June 21, 1923, 
as calculated f r o m  the models. 
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A recent  observation of Mercury  i n  the 8-  to  14-p band has  been reported 

by Murray  (1 967), who used higher angular resolution and grea te r  sensitivity 

than were  available to Pettit and Nicholson. 

the midnight equatorial  temperature  of 150°K. 

that  is l e s s  than one fifth as la rge  as that reported by Pet t i t  and Nicholson, 

He est imates  a n  upper limit to 

He thus fails to detect  a flux 

and this contradiction cannot be attributed to the orbi ta l  geometry of Mercury, 

since the night tempera tures  are only ve ry  weakly dependent on planetary 

longitude ( see  F igure  9). 
y > 200 cal- '  cm2 s e c 1 l 2  deg. 

Mur ray ' s  observation requires  that 

5. 2 Observations at 3.4 mm 

Observations at this wavelength have been made  during the past  severa l  

yea r s  by Epstein and his coworkers with the 4 .6 -m telescope of the Aerospace 

Corporation. In  an  ea r ly  repor t  (Epstein, 1966), no phase effect was indi- 

cated, but with an  improved signal-to-noise ra t io  and a longer observing 

baseline, a variation with phase was found (Epstein, Soter,  Oliver, Schorn, 

and Wilson, 1967). 

two synodic periods in  1966 gave the following parameters :  

A l eas t - squares  f i t  of a cosine wave to the data f rom 

= (291 f 15) t (87 f 18) COS [a  t (41 f 13)I"K. 
TB 

A similar f i t  to the combined 1965 and 1966 data gave essentially the same 

result .  

F igure  11 and with the calculations of Gary  (1967) yields a value of 

A comparison of the amplitude of this phase effect (30 f 5%) with 

3 < 6 / X  < 4 fo r  the rat io  of skin depths divided by the wavelength. 

rectly noted that this result was not consistent with the value of 6 / X  deter-  

mined f r o m  observations at 1. 9 cm (discussed below). 

Gary cor-  

F o r  d i rec t  comparison with the models  presented here ,  I have separated 

the d a t a  given by Epstein e t  al. (1967) that were  obtained in different appari- 

tions and have recomputed normal  points. 

their standard deviations a r e  compared with predictions f r o m  the models 

with 6 / h  = 0. 34, 0.68, and 1. 36 cm- l .  

In F igu re  19, these points with 

In spite of the small amplitude 
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derived f r o m  the leas t - squares  f i t  of a cosine curve to  these data, the 1966 

points appear to  be compatible with these computed curves. 

however, a r e  clearly not internally consistent. 

t r a t e  on the 1966 data alone. 

The 1965 points, 

We shal l  therefore concen- 

I I I I I I I I I I '  I 
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120 240 0 I20 240 0 1; 

@ (deg) 

Figure 19. Observed brightness temperatures  a t  X = 3.4 m m  
(Epstein et al. ,  1967) compared with predictions 
of models having 6 / X  = 0. 34 (dotted), 6 / X  = 0. 68 
(solid), and 6 / L  = 1.36 cm-1 (dashed). Closed 
c i rc les  a r e  1966 data, and open c i rc les  a r e  
1965 data. E r r o r s  indicated a r e  the standard 
deviation on the mean fo r  each normal  point. 

Before we conclude which models a r e  really inconsistent with these 

data, it is useful to consider the meaning of the formal  uncertainties obtained 

f r o m  the curve-fitting process ,  such as the f18"K given by Epstein e t  al. 

(1967) fo r  the amplitude of the phase variation. 

is computed on the assumption that the other two variables of the three- 

parameter  cosine fit a r e  held fixed a t  their  cor rec t  values. 

Each of these uncertainties 

Le t  u s  consider, 
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however, fitting a curve to periodic data in  which the values around one 

phase a r e  much bet ter  determined than elsewhere along the curve. 

unreal is t ic  i n  such a case  to  treat the variation in  the three parameters  
independently. 

amplitudes if the mean  value is simultaneously adjusted to ensure that the 

fi t ted curve continues to pass  through the well-determined points. 

suggests the danger of relying too much on the formal  uncertainties in the 

pa rame te r s  when a curve is fitted to data with nonuniform spacing. 

It is 

F o r  instance, good fits can  be obtained for  a wide range of 

This 

As a n  i l lustration of the problem discussed above, I have obtained least- 

squares  fits of a number of periodic functions to the 1966 Mercury  observa- 

tions. 

obviously inconsistent and the remaining 97 were  each given equal weight. 

The best-fitting cosine curve is 

Of the 101 points given by Epstein e t  al. (1967), 4 were  excluded as 

TB = 284 t 102 cos (a t 2 7 ) " K  , 

in  fair agreement  with the weighted fit given -y Epstein. The rms deviation 

of the d a t a  points f r o m  this curve, defined as the square  root of the average 

of the residuals squared, is 96°K.  If, however, the amplitude is held fixed 

and a best  f i t  is obtained by adjusting only the m e a n  temperature  and phase 

lag, the resu l t s  shown in  Figure 20 are obtained. Here, both the mean tem- 

pera ture  and the rms deviation of the data f rom the curve are  plotted a s  func- 

tions of the amplitude, expressed as a percent  of the m e a n  temperature .  

There  is l i t t le variation in phase lag among these f i ts .  

f igure a r e  resul ts  of fitting two phase curves derived f r o m  the models having 

R350 = 0. 0 and 6 / X  = 0. 68 and 1. 36 cm 

adjusting the sca l e s  to  allow f o r  possible e r r o r s  in  absolute calibration of the 

Also shown in this 

-1 . The fitting was accomplished by 

observations o r  f o r  the influence of a radiative t e r m  i n  the conductivity, as 

discussed in  Section 4. 3. This one-parameter  f i t  of the models gives essen-  

t ially the same rms deviation as the two-parameter fits of cosine waves hav- 

ing the same amplitude. It appears  not only that these data a r e  incapable of 

discriminating between the model predictions and simple cosine curves,  but 

a l so  that the best-fitting cosine curve is only marginally superior  in f i t  to any 
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other curve in the amplitude range 1570< AT < 5570. 
between 1.  0 and 8. 0 c m  

Temperatures  computed f r o m  models having y = 250 o r  500 cal 

deg f i t  the d a t a  best  when they a r e  lowered by 570 to 1070; however, the tempera-  

tu res  obtained with y = 1000 require  no adjustment. 

interpreted as indicating the l a rge r  value of y; however, the absolute calibra- 

tion of these observations is uncertain by 5% to 1070, so that  in pract ice  no 

conclusions about the s ize  of y can be drawn. 

Thus, any value of 6 / X  
-1 is probably compatible with the observations. 

-1 2 1/2  cm sec  

This resu l t  could be 
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F igure  20. Fits of cosine curves to the 1966 data at X = 3.4 mm. 
temperature  and rms deviation of the points f rom the cosine 
curves a r e  shown as functions of the amplitude of the curves. 
The two open c i rc les  are computed f rom model phase curves 
(see text). 

The mean 
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5. 3 Observations at 8. 0 mm 

Observations of a phase effect at 8 -mm wavelength have been reported 

recently by Golovkov and Losovskii  (1 968). The measurements  were  made  

with the 22-m telescope of the Lebedev Institute of Physics,  USSR, i n M a y  

to  July 1966. The 

leas t - squares  cosine f i t  to their  10 observed tempera tures  is given as 

Venus and Jupi ter  were  used as calibration standards.  

= (530 f 50) t (290 f 70) COS [ @  t (0  f 15)I"K TB 

It is immediately obvious that these tempera tures  a r e  implausibly high, 

since near  superior  conjunction the disk-averaged brightness temperature  

exceeds by m o r e  than 100" the maximum equatorial  surface tempera ture  

possible on Mercury.  

Losovsky in spite of the apparent calibration e r r o r  of nearly a factor of 2, we 

find that the amplitude of 5570 implies a value of 6 / X  = 0. 40 cm-', 

of the calibration e r r o r ,  however, this resul t  is of dubious value and will not 

be used in  l a t e r  discussions in this report .  

If, however, we use  these resu l t s  f r o m  Golovkov and 

Because 

5. 4 Observations at 1. 94 c m  

The microwave observations of Mercury having the highest signal-to- 

noise ra t io  were  made  by Kaftan-Kassim and Kellermann (1967) with the 

43-m telescope of the National Radio Astronomy Observatory i n  Green  Bank, 

West Virginia, at a wavelength of 1. 94 cm. 

points in  Februa ry  and March 1966, covering phase angles f r o m  40" to 200". 

Calibration sources  were  Virgo A, Hydra A, 3C161, Venus, Jupiter,  and 

Saturn. A f i t  of a cosine curve to the weighted data points gives 

They obtained 11 temperature  

= (288 f 7) t (75 1 13) cos [ @  t (38 f 17)]"K . TB 

The absolute calibration uncertainty is thought to be no m o r e  than 15%, with 

the above values probably a few percent  too low (K. I. Kellermann, 1968, 

private communication). 

6 / X  = 0,  80 (to. 40, -0.25) cm-'. 

F r o m  this amplitude of 26y0 f 6%, F igure  11 gives 
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A direct  comparison of the observations with the models is shown in 

Figure  21. 

compatible with 0. 6 < 6 / A  < 1. 30, in  agreement  with the value quoted above 

f r o m  comparison with the average amplitude predicted f o r  1967. 

curves  is a ve ry  impress ive  ma tch  to  the data, however. 

of the data f r o m  the model curves is slightly l a rge r  than the deviation f r o m  

the best-fitting cosine curve,  but of course  the cosine curve is adjusted 

through three  pa rame te r s  to  f i t  these par t icular  data points, while the model 

curves  vary  in  only one parameter ,  6 /X .  

35 0 
sec1’2 deg, as is a l so  c lear  f r o m  the comparison of models and data points 

shown in  F igure  2 1, 

F r o m  inspection of the curves,  it appears  that the data a r e  

None of the 

The rms deviation 

The m e a n  value of 288°K is in  

agreement  with the models having R = 0. 0 and y350 = 500 cal- 1 2  c m  

4 00 

c 

Y 
o 300 

t- 
v 

m 

200 

HELIOCENTRIC LONGITUDE 7) 

20 353 25 51 77 100 I24 I46 165 182 200 214 2 
I I I I I I I I I I I 

- 
I I I I I I I I I I I 

0 20 40 60 80 100 120 140 160 180 200 220 2 
PHASE ANGLE @ 

Figure  21. Observations at  A = 1. 9 cm compared with model 
predictions fo r  R350 = 0. 0 and 6 /A = 0. 34, 0. 68, 
and 1. 36 c m - l .  The data  points with their e r r o r  
b a r s  a r e  taken f r o m  Kaftan-Kassim and Kellermann 
(1 967). 
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My own observations of Mercury  a t  this wavelength were made partly by 

use of the same  telescope and general  observing techniques employed by 

Kaftan-Kassim and Kellermann (1967) and partly by use  of the 37-m telescope 

of the MIT-Lincoln Laboratory Haystack Microwave Facil i ty.  The tempera-  

t u re s  were  determined in  each case  by direct  comparison with Venus, as- 

sumed to have a brightness temperature  of 485 ( t 6 0 ,  -40)"K (Morrison, 1969). 

The observed tempera tures  a r e  consistently higher than those measured by 

Kaftan-Kassim and Kellermann, although their  calibration was based in par t  

on a brightness temperature  of 500°K for  Venus. 

in  F igure  21. 

6 / A  > 1. 0 cm-'. 

6 / X  = 1. 36 cm- '  and with R 

curve). 

observations these resu l t s  must  be t reated with caution. 

:$ 

The observations a r e  plotted 

The apparent absence of a variation with phase suggests that 

The two curves plotted in F igure  22 were computed with 

equal to z e r o  (bottom curve) and 0.4 (top 35 0 
The f i t  with the top curve is satisfactory,  although with so  few 

200 

W 
- - 

I I I I I 

Figure  22. Observations a t  A = 1.94 c m  made by Morr i son  in June 
1967, November 1967, Februa ry  1968, and March 1968. 
The model curves  i l lustrated are computed with 6 / X  = 1. 36 
cm-  1 = 1000) and R350 equal to  0 and to  0.  4. (y3 50 

.t. -a- 

A full description of these observations will be published elsewhere.  
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5. 5 Observations at 2. 82 c m  

A single measurement  of Mercury  made at  2. 82-cm wavelength with the 

46-m telescope of the National Resea rch  Council of Canada has  kindly been 

communicated to  m e  by W. J. Medd (1968, private communication). The 

tempera ture  near  elongation (a  = 105") was 350" f 18" K (internal rms e r r o r ) .  

This  tempera ture  is 80" f 40" K higher than is predicted by the models with 

R350 = 0. 0, thus supporting the suggestion of an  increase  in  mean  brightness 

tempera ture  of Mercury with wavelength. 

5. 6 Observations at 3. 75 c m  

The mos t  extensive se t  of microwave observations of Mercury  yet made 

has  recently been completed by M. J. Klein, who used the 28-m telescope of 

the University of Michigan to observe over seven synodic periods at  a wave- 

length of 3. 75 cm. 

with previously published models (Morr i son  and Sagan, 1967) and has a l so  

(1968b) compared the data with f ive-parameter  curves  that include a variation 

of tempera ture  with hermocentr ic  longitude (35-day period) as well as with 

phase (116-day period). 

Klein (l968a, b) has  made a direct  comparison of his data 

The best-fitting such curve is 

= (355 f 4) t (51 f 3) cos [ @  t (32 f 411 4- (10 f 1) COS [28  - (8 f 11)]"K , TB 

where 1 is the hermocentr ic  longitude. 

corresponds (from Figure 11) to 6 / X  = 0. 9 cm-' ,  and the phase lag of 32" 

gives ( f rom Figure  12) the same result .  

coefficient of 370 ag rees  with the amplitude of this t e r m  derived in Section 4. 2 

fo r  all wavelengths. 

in  F igure  23, taken f r o m  Klein (1968b). 

both made on the assumption that the brightness curve is approximately 

periodic with period 350 days, o r  th ree  synodic periods, as discussed in  

Section 4. 1. 

The phase-effect amplitude of 1470 

The amplitude of the second cosine 

The observations and the best-fitting curve a r e  plotted 

The plot and the curve fitting are 
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Figure  23. Observations at A = 3.75 cm. 
best  f i t  to the data ( see  text). 
f r o m  Klein (1968b). 

The dashed curve is a 
This figure is taken 

F r o m  a d i rec t  comparison with the models (Morr i son  and Sagan, 1967), 

Klein gives 0. 68 < 6 / X  < 1. 36 ern-'; this ag rees  with the value of 6 /X de te r -  

mined f r o m  the fitted amplitude and phase lag of the phase effect. 

observations, when compared with models having R = 0. 0, a r e  systemati-  

cally high by about 20'%; this is a l so  c lear  f r o m  the m e a n  temperature  of 

355" K quoted above. 

The 

35 0 

These observations at 3. 75 c m  a r e  the only ones published to date with 

a high-enough signal-to-noise ra t io  and a long-enough time base to demon- 

s t ra te  a dependence of brightness tempera ture  on longitude for  Mercury.  

When sufficient observations a r e  available at any wavelength, the curve- 

fitting approach used by Klein should prove very  useful. 

however, the data are insufficient and m o r e  information can be derived by a 

comparison with two-parameter  models  as discussed in this report .  

In mos t  cases ,  
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5. 7 Observations at 11. 3 c m  

Using the 64-m telescope of the Commonwealth Scientific and Industrial  

Research  Organization a t  Pa rks ,  Australia,  in the spring of 1964, 

Kellermann (1965, 1966) made  a s e r i e s  of observations at this wavelength, 

covering phase angles f r o m  30" to  125". 

standard. 

stantive phase effect was found. 

can  be set on the amplitude of the phase variation, indicating 6 / A  > 0. 15 crn-'. 

F r o m  a point-by-point comparison with the phase curve f rom Figure  8 for 

6 / A  = 0 . 6 8  c m - l ,  I find that the systematic  deviation of the observations 

f r o m  the curves is  -2"  f 14°K. Thus, these observations do not confirm the 

increase of brightness tempera ture  with wavelength discussed in the preced- 

ing sections.  

Hydra A was used as a calibration 

The mean  brightness temperature  was about 300"K, and no sub- 

An approximate upper limit of about 100" 
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6. CONCLUSIONS 

In this report ,  1 have discussed the computation of infrared and mic ro -  

wave brightness tempera tures  for  the planet Mercury  f r o m  direct  computer 

calculations of thermal  conduction and radiation processes  in  the planetary 

epilith. This analysis is considerably m o r e  involved than those given pre-  

viously (Gary, 1967; Belton - e t  al. , 1967), in which solutions obtained fo r  

the thermal  behavior of the Moon a r e  simply scaled to Mercury ' s  mean 

so lar  distance and rotation rate.  There  a re ,  however, two important advan- 

tages in these numerical  models: they i l lustrate the dependence of tempera-  

tu re  on the orbital  position of the planet, and they allow a t reatment  of 

temperature-dependent thermal  conductivity. In Section 4, I have examined 

the differences between the predictions of these models  and those obtained 

f rom the lunar  scaling, and in Section5, I have compared the predictions with 

the data. 

the numerical  theory f o r  their  interpretation, but the observations a t  wave- 

lengths of 1.  94 and 3.  75 cm do begin to show orbital  and radiative effects, 

and we can expect that  in the future even better observational ma te r i a l  will 

be available. 

Most of the observations a r e  of insufficient accuracy to require 

F r o m  the amplitude and shape of the phase variation of microwave 

brightness temperature ,  the parameter  6 / X  has been determined a t  severa l  

wavelengths. In  F igure  24, these resul ts  are  summarized.  Relying p r i -  

mar i ly  on the observations a t  1. 94 and 3 .  75 cm, I derive a mos t  probable 
-1 value fo r  6 / X  of 1. 0 cm 

0. 7 cm 

and the square root of the mean  so la r  period; this  parameter ,  which is inde- 

pendent of so la r  period, is therefore descriptive of the physical nature of the 

subsurface ma te r i a l  ( s e e  Pollack and Sagan, 1965; Morr i son  and Sagan, 1967). 

If the unit of t ime is the mean  so lar  year ,  the value of this  parameter  f o r  

Mercury is 0. 7 f 0. 3 cm yr1 j2 ,  in  good agreement  with a value fo r  the 

Moon of 0. 9 cm-l yr '  '2 (Gary, 1967) to  0.6 cm-l  yr1'2 (Clardy and Straiton, 

1968). These resul ts  a r e  not i n  agreement  with those of Golovkov and 

, with likely upper and lower l imits  of 1. 5 and 
F o r  comparison with other planets, I use  the product of 6 /X  -1 . 

-1 
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Losovskii  (1 968), who conclude f r o m  their  analysis of microwave observations 

of Mercury  that 6 / X =  0. 1 c m  

Mercury  and the Moon a r e  distinctly different. 

neither the known range of surface tempera ture  on Mercury  nor the recent 

observations of Klein (l968b) i n  their  analysis,  s o  that their  resu l t s  a r e  sub- 

jec t  to large uncertainties. 

- 1  
and hence that the subsurface mater ia l s  of 

However, these authors u s e  

I 2 3 4 

WAVELENGTH (cm) 

Figure  24. Summary of the observational determination 
of 6 / X  (cm-1) for  Mercury. 

F r o m  the upper limit to  the night infrared tempera ture  given by Murray  

(1967), we can  est imate  that the thermal  parameter  y 350 2 200 cal-’ cm sec1’2 deg. 

dictory observation made i n  1923 by Pet t i t  and Nicholson. 

tions that mos t  of the conductivity at this  temperature  is supplied by contact 

conduction and not by radiation and that p c  = 0. 30 cal  cm 

conductivity is 

is grea te r  than 

In accepting this, we m u s t  disregard the contra- 

Under the assump- 

- 3  -1 deg , the thermal  

-1 -1 -1  
K < ca l  c m  sec deg 0 
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-5 F o r  comparison, the lunar conductivity is of the o rde r  of 1 0  

t e r r e s t r i a l  rocks is 1 0  o r  m o r e  in the s a m e  units. 

can be computed f rom the conductivity as follows: 

and that of 
- 3  The thermal  skin depth 

where P is the length of the day. 

L < 40  cm. 

Evaluating this expression, we find 

t 

Using both the thermal  skin depth and the value of 6 / X  determined above, 

we can investigate the electr ical  propert ies  of the epilith. 

(16) ,  the e lectr ical  skin depth is l e s s  than 40 1, and k the microwave 

absorption c r o s s  section multiplied by the wavelength, is grea te r  than 0. 04. 

This is consistent with the lunar value for  k 
be found f rom k and f r o m  the index of refract ion of 1. 7 determined f rom 

the radar  c r o s s  section of Mercury: tan  A > 2 X 1 O - 3 .  All these inequali- 

t i es  could be changed to equalities i f  the night-side infrared temperature  of 

Mercury  were measured;  this is the crucial  observation f rom which the 

thermal  conductivity in the epilith can  be found. 

F r o m  equation 

0’ 

of 0. 1 .  The loss  tangent can 
0 

0 

The variation of mean  brightness temperature  with wavelength is diag- 

nostic of the significance of temperature-dependent conductivity on Mercury. 

In F igure  25, the m e a n  tempera tures  f rom the observations a r e  compared 

with the model predictions i l lustrated in  F igure  15. 

contradictory, with a sizable increase of temperature  above the R 

model indicated by the observations of Morrison, Medd, and Klein, but with 

no increase  found by Kaftin-Kassim and Kellermann, o r  by Kellermann? 

These differences cannot be explained as due to different calibration sys tems;  

all observers  used values for  the standard sources  in near  agreement  with 

the recent  flux scale  suggested by Scheuer and W i l l i a m s  (l968),  and all used 

the Amer ican  Ephemeris  value f o r  the radius of Mercury [which has  recently 

been confirmed by d i rec t  r a d a r  measurement  (Ash, Shapiro, and Smith, 

1967)] . 

The data a r e  clearly 

= 0. 0 350 
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Figure  25. Mean microwave brightness tempera tures  as 
determined f r o m  the observations, compared 
with the curves of F igure  15. 

In spite of the contradictions, the d a t a  plotted in  F igure  25 do  strongly 

suggest an  increase  of brightness tempera ture  with wavelength, and I sug- 

gest  a tentative value of R 

R350 near  unity suggested for  the Moon by Linsky (1966) f rom an analysis 

similar to that presented here .  

probably not significant. 

(6) is about 

that KO < 
est imate  the m e a n  f r e e  path of a thermal  photon fo r  this range of B, remem- 

bering that cr = 1. 35 X 

less than 2 rnm. F o r  the m o r e  probable value of K = 10 , this distance 

is reduced to  200 p. 

Mercury  than f o r  the Moon, this does not necessar i ly  imply that par t ic les  

= 0. 5. This can  be compared with a value of 350 

The difference between these two values is 

If R350 = 0. 5, then the coefficient B of equation 

We estimated above 0' 
F r o m  equations (18) and (19), we can 

times the contact conductivity K 

s o  that B < 

i n  these units;  we find that this length mus t  be 

0 
Even if it is established that R 

-5 

is sma l l e r  fo r  350 
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a r e  smaller o r  m o r e  compacted on Mercury;  it may  be the result ,  at l ea s t  

in  part ,  of a somewhat grea te r  contact conductivity on Mercury  than on the 

Moon. More observations a r e  needed to  clarify the situation. 

Although the physical propert ies ,  such as thermal  conductivity, 10s s 

tangent, and particle size, a r e  not determined with as much accuracy as we 

might wish f r o m  the available data, still it is c l ea r  that the epilith of 

Mercury  is not composed of solid, compact rock. 

here,  as well as the resu l t s  of photometric and polar imetr ic  studies, supports 

the hypothesis that the epilith of Mercury  is very  similar to  that of the Moon. 

All the evidence presented 
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